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1, INTRODUCTION

The correct selection of dynamic characteristics of a nuclear power plant will allow to
provide its maximum reliability in the transicnt and accidental conditions.

One of the most essential branches in the dynamics of reactor systems of a water-moderated
water-cooled type is the analysis of transient pocesses at a change of the coolant circulation
in the primary circuit. [n this event the followin; operating conditions of the power plant are
of a great practical interest:

(a) the accidental drop of a coolant flow rate;

(b) the increase of a coolant flow rate at the pump starting.

The drop of a coolant flow rate may result in an unnecessary abrupt overheating of the fuel
element cannings even after the chain reaction is ceased. Especially dangerous is melting of
the fuel element canning due to the possibility of fission-product release into the circuit.
Besides, at the canning temperatures somewhal higher than the melting point, the melting
metal dangerously interacts with the water or steam generating a great amount of
heat [1].

When starting the pump some sharp uncontrolled surges of neutron (and heat) power of the
reactor may occur at a usually negative temperature coefficient of reactivity.

In this case the power increase is connected with the release of positive reactivity at a
decrease of the bulk temperature of water in the reactor (the decrease of water temperature in
the reactor is caused both by the increase of a coolant {low rate and by the possible delivery
of some colder water from the starting pump pipeline to the reactor).

The designer's problem is to define the cnrrelation between the characteristic parameters of
a process leading to the predetermined transient conditions. The predetermined transient
process may be characterized by a tolerable enthal py of the coolant in the reactor and by the
Yack of heat exchange crisis (or by the maximum tolerable temperature of the fuel element
canning).
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Mathematically the problem is confined 1o o system of differentiol equations of common
variable derivatives which are (partially) obtained by finding the mean values of equations in the
partial derivatives:

(a) coolant flow equations;

(b) heat transfer equations;

(c) neutron dynamics equations;

(d) equations for external effects.

These equations with these or those suppositions are solved, as a rule, by means of
computers. For the quick-operating part of the process may be used the method, accounting
for the distribution of parameters (along the reactor height). The hydrolic part of the problem
(the change of coolant circulation for one-phase liquid) is usually solved independently from
the thermal one. The neutron dynamics at the intermittent insertion of large negative
reactivities may be also separated from the thermal ones for the quick-operating part of the
process.

FFor the purposes of preliminary designing, as well as for a better understanding of
thermophysical and hydrodynamic processes proceeding in reactors, the analytical dependences
are also useful which give the possibility to define in a general form the characteristic
criterion of the process and approximately find the interconnection required for limiting the
transient process within the tolerable limits of parameters changes.

Below, the main results of the study are outlined and some recommendations are given which
should be followed, to our mind, during designing the reactors.

The more detailed data are supposed to be published later.

2. SYSTEM OF EQUATIONS FOR EXPRESSING CHANGE OF COOLANT CIRCULATION
IN REACTOR CIRCUIT

The coolant flow equation can be easily obtained from the mechanics equation:

jii (mw) =3F 2.1)

and it has the following form:

3 2y .
7 (Br)+ & (5=) =Fi (2.2)

Using the appropriate approximations for the forces of friction, pressure, gravity and local
resistances acting in element dx of the circuit , from formula (2.2)it is possible
to obtain the equation for time.change of non-condensable: coolant circulation in the closed
circuit in the following form:

'I’giq =APpoy ~ APres, 2.3)

(2.4)
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(the summation is carried out by circuit scctors with mean parameters),
Adding the welleknown equation for change of angular velocity of the pump rotor rotation to
formula (2.3) we shall obtain the followiag system of equations:

v %(f'- =APpoy — APreg 3

I :‘.I.t“l = Moy — Mres * (2.5)

It is convenient to write the system of equations (2.5) in a dimensionless form:

1 dd (G )m APmoy - APpeg
Wiar G,/ AP AD, '

0

Mmov _ MPES

fmech H—(m)

where the values:

2.7

(2.8)

have the sense-of characteristic time constants of the transient process.

Value 7y (the hydrolic time constant of the coolant circulation change) characterizes a ratio
of the kinetic energy accumulated by the coolant to the power required for overcoming the
coolant flow resistance.

Value ryecl, (the mechanical time constant of a change of the rotor rotation angular velocity)
characterizes a ratio of the kinetic energy accumulated in the -pump rotating parts to the power
in the pump engine shalt,

From equationg (2.2) a similar system of equations for the reactor with the branched
primary circuit may be easily obtained. In particular, for a reactor with n loops in the i-th
loop of which Pi pumps (provided for the simplicity with common coupling points) can operate

in parallel, we shall obtain:

dGy dG; dG
wlk_rtl‘ + TI *lr L APmov'i‘k [APrey, #APres, +AP];  (2.9)

d
[i _;l—‘ = Mmov: ik Mresik ’

Py ) n )
Gi=2 G (k=1,2,...P}); G=Z G (iml,2yeen).
k-l 1-1

Physically, the apparent conditions of the operating consistency of pumps in transient

processes areas follows:
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(n) pressure equality in the transient process in common points of the fusion of different
coolunt flows;

(b} continuity of all the flow rates and angular velocitios.

For i llustrating purposes let us consider the condition of the operating consistency of punps
in the-i=th loop, which is casily obtained from formula (2.9) and has the following form:

M)movik —M’rwik —-t/fikil(_;ﬂL =idem (). (2.10)
ut

After disconnecting of the ik-th pump, condition (2,10) is automatically maintained at the.
expense of the: "’kinetic force” flow (g, _J':ﬁ) rate till value G;)  has reached 0, When starting

the pump, condition (2.10) may be satisfied only in case the started pump develops a certain
pressure-head, Up to this moment the pump may be.considered to be operated in the non-delivery
conditions. According to equation (2.10) the pump pressure-head should not be less thap a
difference of the pressures in the inlet sector.

The conditions similar to condition (2.10) will take place for the joint operation of pumps in
different loops as well.

[t should be noted that if there-is no flap in the pump, the reverse flow of the coolant
through the stopped pump is possible. In this event the equations should be changed.

At last,it should be noted that after the pump is deenergized the interia of a jet can become
an external force relative to the pump wheel. In this event, the pump will be under the
hydroturbine operating conditions. It is obvious that it will take place in case the-following
equality is obtained:

(in a general case, at @i# 0).

From this moment on the pump wheel is transferred from a motive  force into a resistance;
this concept should be put or taken into account in a system of equations, type (2.9).

Taking into account the considerations outl; ned-above, the solution of the system of
equations (2,9) may be provided by a computer.

The analytic solutions may be obtained by using a series of simplified suppositions. Below,
these-solutions are given for the case. of interest for the circulating pumps.

3. CIRCULATING PUMP DEENERGIZING OR BREAKING

Under the:term ’pump deenergizing’’ we shall understand the deenergizing of feeders in
case-the pump is provided with an electric drive.
Using the well-known statistical dependences it is possible to approximately put down:

AP, o 2
APmovEI—_:Zz [(z;))-q‘;g(—g—o) 1, (3.1)
o )

where value ¢, expressing the pump transconductance can be obtained from the pump

calculations and the experimental data.
382
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The circuit characteristics usually approach a square value of the flow rate, i.c.:

Alres z,\po.(%_)‘ . (3.2)

0

Moment of resistance in the pump is

Mms-Mhy(HMfr )

where:

ADG

Mhyd I Y 2
Yofhyd *1 o)

0 2
Mfe = M) .
Wy
For analysis it is convenient to use also the following correlation:

0
Mpr e Mpp x 2 % P (3.6)

wg (g

which gives the dependence within the range of g ~a£;2 quite near to expression (3.5)
1o o
(value Mg, within the range of g_ >>%_ is unimportant).
o 0
[t is considered in the first approximation that from the moment of the pump deenergizing
we have:

Moy =0- (3.7)

The -effect of M, on the process will be evaluated separately.
The system of equations (2.6) together with the above-mentioned dependences will be
written as follows:

rhyd (1-¢2) S =y2-x2; (3.8)

(4] (o]
M M 9
och (197 §L—xy (42 (g + 1 - £,

o] o y2

From equations (3.8) we shall approximately obtain:

1

X =

Teirc

Tcirc = thyd + mech
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Value ryjye, (the time constant of coolant circulation drop) seems to be-in the most simple
case only a sum of the preliminary determined partial time constants,
When
Nc=Np=Npas (3.13)
(that may take place in an ideal case, i.0. at nanyol ...],),

then:
2(Ec+Ep) ,
pas

circ= . (3.14)
i.es value roipc  expresses a ratio of the kinetic energy accumulated in the circuit (by the
coolant and the pump) to the power for coolant pumping,

The greater the accuracy of expression (3.11), the better the correlation is satisfied:

rhyd + Tmech 42551 -¢>g.

"mech 7 hyd: (3.15)

Condition (3.15) is not rigorous. It may be shown that the solution for equations (3.4)

within the range of Thyd~rmech and ¢o=0, corresponding to the worst accuracy of approximation
for equation (3.11),has the following form:

x=y}/1-2Iny (3.16)

l/1;2_L In
2

é.
—:— =V§——o {Ch d'z

or, the solution for the nearést case is:

t
2(1+2
x._.ﬁ, T=fmech at 'hyd -%.; (3.17)
(142£)24] "mech
r
i
y=[— 2 *mech renyg a4 g
(1+24)2 4 1 mech
T

The comparison of dependences (3.11), (3.16), (3.17), made in dimentionless coordinates

(x,;i), shows that within the range of Thyd~rmech expression (3,11) gives a considerable
relative error, especially within the range of small flow rates. However, the absolute crror which
the designer is interested. in does not exceedm0.05 in x-parts and this is quite suitable for
practical calculations. .

Using dependences (3.11) out of the system of equations (3.8) it is possible to obtain an
expression for y, which allows to determine-the moment of the-pump transferring into the-
hydroturbine operating conditions. Below, the following limiting cases are of great interest:

(a) Tmech>>rhyd .

382
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In this case (practically, independent of value they ) we shall obtain:

o |
XEY=E T (3.18)

| 4=
"mech
i.e., theprocess is determined by the interia of rotating parts of the pump. This is the range of
proportionality between the pump rotor angular velocity variation and the coolant flow rate. 1n
this case it is possible to employ relation x=y used by many authors (for example, Sce [2]).
When employed in the system of type (2,9) this relation can considerably reduce calculations and
in some cases will help to obtain approximate analytical dependences.

At rmech>>rhyd it is desimble to determine the electromagnetic slowing-down of a rotor of
the-centrifugal pump with a closed-type.asynchronous motor employed in high-pressure water-
moderated water cooled reactors. After the high power pump is deenergized a slowing-down of
its rotor occurs dueto the interaction between the lowering rotating magnetic flux coupled with the
rotor and the.eddy currents induced by this flux in the pump stator material, Taking into account
that the eddy current losses power (Nfz) is proportional to the-square of the-number of full
cycles of magnetic polarity reversal (in our case — to the square of the pu;r‘lp rotor angular

R

o , L - .
velocity) and to the square of the greatest value of magnetic induction (e R )2, it is possible

to obtain the following expression:

A
rel.mag Tel.mag
feire

"c irc

1 fel.ma E
e F_2_5_ +Tel.ma e
Teirc f ¢ fel.mag e =2l

F 2rcire rel.mag

N = .S.E- . (3.20)

(3.21)

Tel.mag -Ef .

(LR and RR — the inductance and the. reilstance of the rotor winding, correspondingly).
For the most practical cases value n .z_-g_e T8 «l1.
P " Treire

Having considered-that in this case the main part of the intergrand is value._llf_, we shall obtain
from formula (3.19): 5
=2t
r
1eg el.mag Tel.nag
F 2rcirc
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Thus, a relative drop of the flow rate-in transient operating conditions taking place -due to the
additional slowing=down of the rotor does not exceed, inthis case the value of ”ll""(fl-mﬂz/Zrcim,
that is usually not more -than 0,07 in parts from x,

ixpression (3.22) indicates that these effects decrease with an increase of value reire = fyoch,
At V“lue"mcch = (2-3) sec.they may he-neglected. Usually, valuer .ol € 1 sec. Additional
pump flywheel masses may considerably increase value "mech »

It should be noted that at Tmech>>y( of the plant it is possible to approximately determine
a relative drop of the flow rate in accordance with the experimentally measured change of the
relative rotor angular velocity.

At r mech > of the test bench it is possible to make measurements on an uunatural bench.

mech »>thyd I
It should be borne in mind that according to formula (2.8) for hot and cool systems there is the
. . . 1 Yo 2 o9
followirig approximate correlation: Tmech QW 1S o (3.23), le., a drop of the coolant
!
flow rate in the hot circuit will be more gradual.

Itis noteworthy that for the reactors with rmech>>rhyd @ mechanical breaking or jamming of
the pump rotor may be dangcrous. In this case an accidental drop of the.coolant flow rate
may occur which is determined by low value Thyd. I°or these reactors it is desirable to have ap
emergency pump constantly connected (in parallel) to the circuit as a precaution measure,

(b) Thyd>>mech

In this case-we shall obtain:

1

1+
Thyd

x>

) oty (3.24)

(ty is the moment of pump transferring into the hydroturbine-operating conditions). It may be
shown that in this case value y tends rapidly to the following expression:

y O<do<l, (3.25)
I —
Thyd
i.es, eccording to formulae (2.11) and (3.1) the pump transfers into the hydroturbine operating
conditions, It may be assumed with a margin that from the moment of pump deenergizing the
following correlation takes place:

1
x & ’
t (3.26)
1+?l'1;i
where :
r* Thyd
3.27
1 APyheel (3.27)
AP,
>
Value Pyheel is of the .order of 0.3— 0.6 and may be obtained during the pump testing.
AP, B
0]
382
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(It should benoted that the employment of relation x=y for simplifying the caleulations is

AP heel
physically not worth whilein this case. 13ut it cannot lead to an error if —-K]-,;-"— <«<l.

It is explained by the fact that at Thyd>>r mech the contribution from the pump rotating parts
is negligible-and the approximation nature of value y for determining x is inessential).

In this case the experimantal determination of a drop of the coolant flow rate seems to be
possible-only in a real circuit. It should be noted that if tests are carried out in a cool circuit
and the-rating is sell model then it may be considered that according to the equation  (2,7):

h . co .

7 3.28

_ hydmhyd ? (3.28)

i.e, a drop the .coolant flow rate-will be.almost the same.both for the hot and cool systems.
The analysis of home big s:ationary reactor plants (for example, of the WWIPR type) shows

that the determining time constant for the considered process is value "hyd-

Qualitatively, it is possible to write:

2
T Bk ) (3.29)
" pyg T

The average speed of coolant in the circuit (wg) and the quantity of local resistances in the
reactor per a length unitd¢/l.)- slightly change for various water-moderated water-cooled
reactors.

In this case, usually

A >3t
“dhyd T

Therefore, for the reactors with large hydrolic diameter (dpyq) value rhyd is relatively great.

For the small-size reactors (for example, of th> iceshreaker "LENIN' reactor type) the.
process is mainly determined by value ryech. The analysis of value rgegp is difficult since
dependence I(Np, wo) is strictly constructive. When designing the- pump it is expedient to put
forward the requirement to have, if possible, value ryech great enough being (1 = 1.5) sec,,
which is possibie to provide.

At last it should be-noted that values rhyd‘and rmech are of the order of (0.221) sec.

(The latter is obtained when the pump has no attached flywheel masses, for example due to
the external pump engine for setting a low pressure).

4, TEMPERATURE PERFORMANCE OF REACTOR IN TRANSIENT CONDITIONS

Equations of the reactor thermal dynamics for slow processes or the processes comparable
with the-time of establishing the -thermal equilibrium in a reactor may be-obtained by reducing
the corresponding equations in partial derivati‘ves‘ to the-mean values.

[n the'most simple for— they are reduced to regular balance -equations, for example, of the
following form:

Cy 8Ty (g, F)R ~ (kF)y(Ty —Tcan); 4.1)
382 d o
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“

. dT, N e . - -
Cean '—d-::-qn— m (k1) (Ty~1 can J~{kF)ean(Tean-Te);

< dTe sp

Ce T =(kF)ean(Tean—Te)-GCe

(Tout'—Tin))

Te=d(Tins Tout) (4.2)
Tip =£(t) (4.3)

and value T, may be given proceeding from the physical considerations.

We shall not consider the equations of delay and heat exchange in communication lines
and steam generators because for the most interesting quick part of the process in the given
problem the.operating conditions of reactor and.steam generators are practically separated in
time,

The system of type(4,1) together with the .above~mentioned equations of type (2.9) for
changing the coolant circulation and the known neutron dynamics equations give the
possibility to express (in the point approximation) the transient behaviour of the reactor.

To find just the thermal time constants of the transient processes in the reactor, let us first
consider transient thermal process when the emergency protection system is tripped at
a-constant flow rate of the coolant. This condition has much in common with the-transient flow
rate -problem and is of particular interest. At a jump introduction of the great negative
reactivity (pem.prot >>B) by the emergency protection system, the temperature reactivity
effeets for the quick part of the process (i.e. at T;, # Const) may be neglected.

Then, at one group of delayed neutrons we shall approximately obtain:

—_——

B e"del .

R
Mo~ B +Pem.prot (1.4)

It can be shown that the effect of fuel elements canning on the character of transient processes in
the -water-moderated water-cooled reactor is small (Ccan.«cu;ccan«cc)- The value of canning
heat capacity can be effectively considered in other constants (for example in C,).

Then the system of equations (4.1) including formula (4.4) can be reduced to the following
form:

- b
%?i . 42 “r. ) do +0 =Const——B ¢ Tdel

o N +(ru+-2-—— T cZvs— 2(4.5)

at Const=l § (4.6)
at Constm] — 225+ (4.7)
rdel ’

(1.8)
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Co+Cy

tre T *.9)

iy
fhug = , (4.10)
| AW

Value ry — the time constant of changing the fuel element (unit) temperature — characterizes
a ratio of the excessive heat (as compured to the coolunt heat) accumulated in the unit to the
reactor power,

Value ryy — the transport or canvection time constant of the reactor — characterizes a ratio
of the heat generated by the fuel elements and coo lant when they are cooled from the coolant
average temperature to its temperature nt the reactor inlet to the reactor power.

In the presence of the -equation:

G
’tr“fpas'(Hr-L) (4.11)
‘e

we may say that vulue'rtr also characterizes the delay in the convectional heat transfer (along
the reactor length)by the coolant due to the terminal heat capacity of the unit, i.e., it is the
time for a heat pulsc to expand in the-reactor. It should be also noted that in the energy
content of the reactor time cons tants considered here, value

(4.12)

is the time constant of establishing the thermal equilibrium in the reactor and charactcrizes
a ratio of the heat stored in the reactor to the reactor power.

Equation (4.5) may be easily solved,

We shall be interested in some limiting cases which are of a practical interest:

(a) ®r>>ru. Then from equation (4.5) we shall approximately obtain

(rde] = =): A
Pem.prot e Tt

e = B+oemprot  B+Pem.prat ’ (113)
i.es, the transient process is determined by the time of heat wave.expansion in the reactor,
Physically, it means that the excessive heat in the fuel elements as compared to the -coolant
is neglected. In this case the fuel element temperature is close to the .coolant temperature and
it is possible to speak about cooling (heating) the reactor as a whole.

(b) ry>>ree.

In this:case from equation (4.5) we -shall obtain:

>0, =B Qemprot oy
9e  Btpem.prot B+Pemprot (4.14)

1,84, the transient process is determined by the thermal inertia of fuel elements, and a
relative:drop of the:coolant tem perature-approximately coincides with a relative drop of the

heat flow. Physically it means that in this case the coolant heat . capacity may be-neglected.
382
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1i follows from the examples considered ubove that the pump stoppage conditions are more
dangerous for the reactor with the fuel clements of a high thermal potential, ivesyat ry>>ry,
(this, for oxample; occurs with the fuel elements made of sintered uranium dioxide).

It is possible to write; that:

2
(lu C\l Cu “t

fu -.-:ﬁ.“_[; + ae”.ll'u + [y (4'.15)
g

acanly iy

where: o
ary,

du= T . (4,16)

(A = the cocfficient of unit shape — may be obtained by solving the equation of heat
conductivity in steady conditions),

I'or the medium size units using uranium dioxides (for example, for the ice-breaker "LENIN®?
reactors), the first two expressions for » will be the main ones (due to the small heat-
conductivity of uranium dioxide and the gas gap). 2

For the large size uranium dioxide units value is ru.,_AL('T + Usually it is ry~(2 3 5) secc,
for the uranium dioxide fuel elements. !

It is easy to show that when satisfying the condition:

Tf.‘e g Pem.prot (4.17)
Teire B+ Pem.prot

the .cool ant temperature -in the reactor will not rise just after the pump deenergizing with
a simultaneous triggering of the emergency protection system,

Here: 2
oed G Gy
’ Ra, <EF
g U
Physically, condition (4.17) is quite simple, it requires that the initial drop of the heat flow

(4.18)

should be more sharp than that of the coolant flow rate. FFor a deep drop of the power
(pem.prot>>3) condition (4.17) will be the [ollowing:

f.e < reirc. {4.19)

As mentioned above, value rgj.~(1<1.5) sec.for the reactors where the pump is not provided
with additional flywheels. Therefore condition (4.19) for the uranium dioxide units may be not
completely satisfied, i.e., in this case a considerable rise of the coolant temperature-is to
be-expected especially when there is delay between the signal arrival to the emergency
protection system and the beginning of its efficient effect on the reactor power change

(rem. prot equals some tenths of a second).
An approximate: calculation of the parameters distribution (with respect to the reactor height)
can be -made in the following way,
Having accepted.that in the heat exchange equation for the moving liquid
dic Sig
G—_+VST =9

182 Jx: !

-12 —
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the variables in the expression for g are separated, it is possible to write its solution as
follows.

(u) For the coolant particles being at the initial mowent of transient process (t=0) inside the
reacting core (£ <0):

i (x t)-xqt(x—l; (t**)dty ( +qu(x') N de (4.21)
—~_fW("')dl"

where! t 0
X'-X-—f'w(t")dt"
t

X—[ w(t")dt"’

t
[
0
(x**)dx** | (4.23)

t
igp(xe w(t™)dt* . 0)=k o i
st g 3 Co Of II
(b) For the coolant particles being at the initial moment of transient process outside the
reacting core (t} .0):
X, t)=ijn(o, ty) + x'_Lz_dx‘.
(‘)"‘(”’)m() No G (4.24)
(Moment t§ of a coolant particle entry in the reacting core at the point of interest (:.,1) is
determined from expression (4.22) at x’=0).
The relative value of the heat flow transferred to the coolant

N _ (kl")can_(Tc{m"'TC)
°"WF)O (1o _12) (.23

can ' can

can be obtained from the probiem in point approximation.

It should be noted that for the fuel elements with a low heat potential (r, <<ry,) the essential
simplification of the problem is possible, namely: in dependences (1.21) — (4.24) it is
adequate to supersede the coolant speed with the speed of heat wave expansion:

WernmW CC .
tr a] Cc+cu ('1'-26)

In this case a relative drop of the neutron flow may be approximately used instead of the
unknown heat flow.

In accordance with the plan considered above, this problem may be solved both in the point
approximation and by calculating the parameters distribution. But these solutions are bulky.
For preliminary estimatipns (marginly) the point model may be employed in its most rough form,
assuming that:

four = ijn+ - (4.27)
It can be shown that for the elements with r >>r ¢y for which the given problem is actual,
a drop of the heat flow at a decrease of the coolant flow rate up to the flow rate of a small
(steady) circulation practically coincides with that at the constant flow rate. It is connected
with the fact that a drop of the heat flow due to the rise of the thermal resistance between the
coolant and the unit is small in the given case,
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In view uof the above-mentioned factors the connection of the process characteristic
purameters can be ensily obtained al which the relative temperature (or the enthalpy) of the

coolant will not exceed the given value 014y, for example, in the following form:
(1.28)

—reire -2 =T en.prot
I

e [(14 Pem.prot ) 201 — | ,
A FPem, prot/8 )
where: = (4.29)

(4.30)

Value 0y, is apparently to he taken {rom the no-boiling condition of the coolant in the
reactor.

Value pgy, prot/B taken from the temperature effect overlapping condition at the reactor
cooling up to value~Tj, is from 2 to 4. In this range it does not limit the - process considered.
The effect of pap, prot/ﬂ decreases with the increase of value r, because in this case the
process is determined to a greater extent by the excessive heat of the fuel elements and not
by the internal heat release.

For the fuel elements with r <<r4, practically there-is no problem of emergency heat
removal after stoppage of the pumps.

In this case condition (4.17). for the absence of the coolant temperature surge is satisfied.
For the reactors of this type there are mainly two moments:

(a) Valuergy,. prote

With some margin it may be considered that for limiting the coolant temperature.overrising
by value 6);,, fortime~rep, prot (at approximately rated power of the reactor) it is
necessary that:

refn.prot <Ol ~1 - (4.31)
Teire

For the intensive power water-moderated water-cooled reactors value 6};r,,, taken from the
no-boiling conditions of the coolant, is equal to 2—3 and condition (4.31) may be easily
satisfied (if there is no breaking in the pump).

[t should be also noted that it is desirable to have:

Tem.prot < Tpas (4.32)
In this case the integral of the -heat accumulated by a coolant particle for time~rgp, prot

will be -small.
(b) To provide the given value 6}jy in the process end it is necessary (marginly) that:

(4.33)

At last the approximation of type (4,27) is noted to be essentially improved by selecting the
physically approved effective centre of heat removal in the reactor and to be reduced, for
example, to the-following form:
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N e N

ioyt (t) ==iin(t'-ﬂ)%‘i(-t)') R L (4.34)

G-t

The expression of type (4.34) may give the close coincidence with the problem of distributed
parameters (along the reactor height).

5. NEAT EXCHANGE CRISIS IN REAGTOR IN TRANSIENT PROCESS

Using the approximate static dependences for determining the critical heat loads it is pos-
sible to evaluate the margin on a heat exchange crisis in the transient conditions. [For
example, using (at a constant pressure) the dependence presented in [3];

1 1
Qcp = Const (wy) 2 x(Tg - 'I'c)g-
it can be shown that for the considered problem the margin on the critical load in the.
transient process will immediately decrease, if:

"w & o Pem.prot (5.2)
Teire B+pem, prot
In this case the value of small (steady) circulation can determine only the minimum to which
this margin will drop.
It follows from this that when satisfying correlation (5.2), it should be given that:

(X, 0)=plee 1. (5.3)

trans

n
der

Le. it is necessary to have a dynamic margin already in the stable operating conditions.
It should be noted that the transition into boiling conditions will require the further increase
of this margin.

From the previously given data it is also clear that correlation (5.2) will, for example,
take place for the fuel elements made of uranium dioxide. The transient conditions may be
preliminarily estimated (marginly) in the point approximation.

Let us assume that:

(a) Position of the dangerous point in the reactor (Xdan) is not changed in the transient
conditions.

(b) Minimum margin on the critical load (nq cr) occurs at the moment of transition entry
into the stable (small) circulation.

(These assumptions correlate quite-well with more accurate calculations including the.
parameters distribution along the reactor). In this case, formula (5.1) including, the following
parameters correlation may be obtained which does not result in (marginly) the heat ,
exchange crisis in the transient conditions connected with stoppage of the pumps and
operation of the emergency protection system:
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Oim=1

[ '
Oszxdun)'-l

5 o
Olim x Ktruns

2 <

where! _—
0% gqp) = '|é‘4o~ -2 —
P (Xdan) =Tt

value €in expression (5,4) being taken from equation (4.28). To determine q¢, the dependences
of type(5.4) canbe obtained with approximations different from equation (5.1), If
estimations should be ‘made frequently, dependences (4.28) and (5.4) may be shown graphically
in the form of nomograms,

If the condition of type (5.4) in not satisfied, the heat exchange crisis may occur in spite
of the chain reaction cessation. In this case-the high lieat load in the reactor is very
specificbecause it results from the high temperature potential of the fuel elements. At the first
moments after a steam blanket is formed on the unit surface, the tempemtures are equalized
along the core section and the element caming. The further cooling (heating) of the unit as a
whole depends on the correlation between the fuel element temperature drive, its internal heat
release and the heat removal after the heat exchange crisis,

An approximate-analytical solution of the problem may be obtained from the equation
system of type (4,1) on the assumption that the coolant temperature - is constant while at the

moment of heat exchange crisis the heat-removal coelficient with regard to the coolant
discontinuously changes up to some constant value abl.

Then for the - most dangerous case (Cean<<Cy) from the point of view of the unit melting, we
shall obtain for not too small values of t:
U*'nt
Ocan® —T (1-(1-6¢ __"C*L (5.6)
int

t

(5.7)

(5.8)

(5.9); (5.70)

(5.11)

(5.12)
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¥
rp+r2
nCl' T e—
reft

(* is true for the time moment just preceeding the heat exchange crisis),

IFrom equation (5.6) we shall obtain that the initial surge of value @any, rives the followin
canf g

value: - Tbl . +r"é)
0 ~gf e o &,
can (0) S ETEN) (5.15)

At the complete cessation of heat removal(rbl...o.) from equation (5..5) we shall obtain:

2
1+ {3 % —r‘
Ocan (0) =0 iy = lu‘o le ; )
2 j]cnn— le

(5.16)

which means that T4, = T4, i.e,, at the period of temperature equalization along the unit
the canning temperature will not exceed the average core temperature occurred at the moment of
heat exchange crisis; physically, this is quite obvious.

A further behaviour of Tiq, is determined, as it is seen from equation (5.6) by the relation:

n
01"; nTcr 1. (5.17)
int
For example, to lower the canning temperature after a short surge for the most dangerous
(theoretically) case - the heat exchange crisis at the moment of scram system triggering it is

necessary that:

—_B8
Nop> Er— (5.18)
The analysis of real values of aé)l shows that for the elements with 7 >> 7 (for example,
elements made of uranium dioxide) condition (5.18) may be-satisfied. It means that canning
temperature in the transient conditions does not exceed (marginly) the average core
temperature occurred in the rating. Therefore, if
Tmelt 579, (5.19)
then, the melting of canning for the fuel elements of this type may not occur. Condition (5.19),
as a rule, is satisfied on the uranium dioxide fuel elemets for the high-melting materials of the
canning (steel,zirconium alloy) at high enough heat loads. For the fuel elements of this type
with the aluminium alloy lower heat loads are essential,
If 71<<rg then, after the temperatures equalization along the unit, a further increase of

value Ty, is possible. In this case it is necessary that:
melt Dint
OCan > — (5-20)
Ml
The similar conditions should have place for the core temperature of the fuel element as well.
Thus, in case of the heat exchange crisis on subcooling water the conditions may occur which

do not lead to melting of the fuel element canning or core.
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The detailed-analysis when designing the reactor may help to determine the permissible. limits
of short-time operation of the reactor within the range-of increased temperatures of the fuel
elemeats,

MAIN SYMBOLS

G — weight flow rate of coolant

w — angular velocity of rotation
I — moment of inertia
M —~ moment of rotation
m — mass
AP - pressure drop
N ~ power
E - kinetic energy
¢ — heat ammount
W — coolant speed

S — passage cross-section for coolant
F - heat exchange surface

d — diameter
[1 — perimeter
L, — length
& — local resistance coefficient
n — efficiency
n — neutron flux
p — reactivity
B — delayed-neutron fraction

i — enthalpy
T — temperature

C - heat capacity

y — specific gravity

a — heat-removal coefficient
k — heat-transfer coefficient
a — thermal diffusivity

q — heat flow

g ~ gravity acceleration

e — 271828 ...... constant

r — time constant

t — time

REFERENCES

INDICES:

mov — moving
mech — meehanical
vol ~ volume

fr — friction

¢ - coolant

p ~ pump ,
el.mag — electromagnetic

ILL - refers to length term
st — steady
s — saturation
u — unit
F —~ Foucault
can — canning
in — inlet
out — outlet
cr — crisis
bl - blanket
int — internal
g - gap
melt ~ melting
pas — passage
lim — limiting
del — delay
circ — circulation
f.e — fuel element
h ~ hot
co — cold
pum — pumping
em. prot — emergency protection
sp — specific
ac — accumulated
eff — effective
trans — transient
dan — dangerous
rat — initial conditions (rating)
r — reactor
res — resistance.
hyd — hydraulic
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